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Abstract This paper examines the effects of scalar dissipation rate modelling on
mean reaction rate predictions in turbulent premixed flames. The sensitivity of the
mean reaction rate is explored by using different closures for scalar dissipation and
the sensitivity of the scalar dissipation models themselves is also examined with
respect to their defining constants. The influence of different scalar dissipation
models on the flame location and mean velocities is reported and compared with
experimental results. The predicted reaction rate is found to be sensitive to the
choice of closure used for scalar dissipation and also to the respective constants
used in the scalar dissipation models. It is also found that the scalar dissipation
Umair Ahmed
School of Mechanical, Aerospace and Civil Engineering, University of Manchester, M13 9PL,
UK
E-mail: umair.ahmed@manchester.ac.uk
Robert Prosser
School of Mechanical, Aerospace and Civil Engineering, University of Manchester, M13 9PL,
UK
E-mail: robert.prosser@manchester.ac.uk
2 Umair Ahmed, Robert Prosser
models involving chemical and turbulent time scales yield a more physically plau-
sible reaction rate when compared with the scalar dissipation models relying only
on the turbulent time scale.
Keywords Algebraic scalar dissipation models · Flame turbulence interaction ·
RANS simulation of premixed turbulent combustion · Premixed turbulent
combustion · Turbulence scalar interaction
1 Introduction
Accurate prediction of the mean reaction rate using computational methods re-
mains a challenge for premixed turbulent combustion, and usually requires the use
of statistical methods. There is a strong coupling between turbulence and chem-
istry in premixed flames and several modelling strategies have been developed to
account for their interaction. In many cases, the total aerothermochemistry of the
flow can be described via a Probability Density Function (PDF) and a multidimen-
sional PDF can in principal be obtained by a PDF transport equation [31,59]. This
procedure circumvents a number of modelling assumptions and consequently pro-
duces quite general reaction rate models. However the method requires a closure
for the molecular diffusion terms which remains a modelling challenge [31]. Con-
ditional Moment Closure (CMC) is another method which provides an alternative
strategy for closing the reaction rate [39]. This method was originally developed
for non-premixed combustion [16,51] and recently has been extended to account
for premixed combustion [5,4,49]. One of the major challenges encountered by the
CMC approach in premixed combustion is the modelling of the conditional scalar
dissipation rate [43].
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In the case of a high Damko¨hler number limit, the closure of the reaction rate
is simplified under the thin flamelet assumption. In the thin flamelet approach the
flame is modelled as a sheet (an ensemble of laminar flames) separating products
from reactants [13,15,66], in which all of the effects of the combustion chemistry
and related transport effects are restricted. Thus it becomes possible to approx-
imate the themochemistry via a single Presumed Probability Density Function
(PPDF) of a reaction progress variable, consisting of a double delta function rep-
resenting the unburnt and burnt mixtures respectively [14]. This approximation
leads to simple closures for a number of turbulence related terms. Several mod-
elling approaches have been developed by using the flamelet assumption and PPDF
framework and include; laminar flamelets [10,28,41]; the G−equation [32]; scalar
dissipation rate and flame turbulence interaction based approaches [2,3,12,40] and
flame surface density models [18,60].
One of the most widely used approaches for thin flamelets is the scalar dis-
sipation (˜c) approach. Scalar dissipation in premixed combustion represents the
average rate at which hot products and cold reactants mix on the flame surface to
sustain combustion [20]. Several scalar dissipation rate models of varying complex-
ity have been proposed, and range from a complete transport equation to simple
algebraic models. The algebraic scalar dissipation rate based modelling approaches
have been used in previous studies by Dong et al [25], Ahmed and Prosser [2] and
Kolla and Swaminathan [41] via the Reynolds Averaged Navier Stokes (RANS)
framework and by Langella et al [45] via Large Eddy Simulation (LES). In a re-
cent study by Ahmed and Prosser [2] the leading order scalar dissipation transport
equation has been used to close the reaction rate and the performance of the al-
gebraic scalar dissipation model proposed by Kolla et al [40] is also compared
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with the predictions from the leading order scalar dissipation transport equation.
Furthermore Ahmed and Prosser [2] have also compared the results of the scalar
dissipation rate based modelling approach with the flame surface density based
modelling approach and concluded that the scalar dissipation rate based modelling
approach leads to more physically plausible results. It has also been discussed in
[2] that the algebraic scalar dissipation models can lead to slight over prediction
of reaction rate as the flow history effects of the strain field are not included in the
algebraic closures. The aim of this study is to assess the performance of different
algebraic scalar dissipation models for RANS in the corrugated and thin reaction
zone combustion regimes using the experimental data of Pitz and Daily [55,56]
and Chen et al [22]. The models studied are proposed by Swaminathan and Bray
[67], Kolla et al [40], Borghi and co-workers [48,50] and Kuan et al [44].
The paper is organised as follows: in the next section we briefly describe the
models used. The test cases and the numerical procedure used for the simulations
are presented in section 3, followed by the discussion of results. The conclusions
are summarised in the last section.
2 Mathematical background
In case of the simplified chemical mechanism R → P , a transport equation for
the Favre averaged progress variable c˜ (a normalised product mass fraction) is
solved along with Favre averaged mass and momentum equations. The transport
equation for the Favre averaged progress variable can be written as :
∂ρc˜
∂t
+
∂ρu˜ic˜
∂xi
= −∂ρu
′′
i c
′′
∂xi
+ ω˙c, (1)
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where closures for the mean reaction rate ω˙c and the turbulent transport ρu
′′
i c
′′
are needed (double primes denote the Favre fluctuations). Under the Bray Moss
Libby (BML) limit [15], the variance of the progress variable is closed as :
c˜′′2 = c˜ (1− c˜) . (2)
Relaxing the BML limit, some algebraic scalar dissipation models instead employ
a transport equation for c˜′′2:
∂ρc˜′′2
∂t
+
∂ρu˜ic˜
′′2
∂xi
= −∂ρu
′′
i c
′′2
∂xi
− 2ρ˜c − 2ρu′′i c′′
∂c˜
∂xi
+ 2c′′ ω˙′′c . (3)
The turbulent transport in Eq. 1 and Eq. 3 is typically modelled by a gradient
diffusion model, despite the fact that countergradient diffusion may occur in pre-
mixed flames of practical interest [46]. The reasoning behind the model choice is
twofold: (1) the uncertainty associated with closures embodying countergradient
effects introduce additional uncertainty into the calculations, and typically have
only small additional benefit for lower levels of turbulence intensities (i.e. wrinkled
and corrugated flamelet regimes) [17,70], and; (2) the influence of scalar dissipa-
tion rate modelling on the reaction rate closure (which is the main focus of the
current work) can be studied by using the gradient diffusion approach [40,62]. The
source terms in Eq. 1 and Eq. 3 are closed under the high Reynolds and Damko¨hler
number limit as [12]:
ω˙c w
2
2Cm − 1ρ˜c,
and :
ω˙′′c c
′′ = (Cm − c˜)ω˙c, (4)
where ˜c is the scalar dissipation
(
ρ˜c = ρα∇c′′ .∇c′′
)
, α represents the diffusivity
of the progress variable and Cm is a model constant with a value of 0.7 in hydro-
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carbon flames [11]. The problem of modelling the reaction rate is thus reduced to
that of modelling the scalar dissipation rate.
There are several approaches available in the literature to close ˜c; one approach
is to model ˜c algebraically, another is to use a modelled ˜c transport equation.
Here we adopt the algebraic scalar dissipation modelling approach, a number of
the more widely used models are discussed in the following subsection.
2.1 Algebraic scalar dissipation models
Many algebraic models have been developed based on the leading order compo-
nents of the scalar dissipation transport equation [9,48,67]. A generic form for
these models is :
˜c w (T1 + T2)T3, (5)
where T1 represents the effects of dilatation, T2 represents the effects of flame
turbulence interaction and T3 represents the combined effects of reaction rate,
dissipation and diffusion processes. In this work we use the algebraic scalar dissi-
pation models proposed by Kolla et al [40] (SDR-1), Swaminathan and Bray [67]
(SDR-2), Borghi and co-workers [8,48,50] (SDR-3) and Kuan et al [44] (SDR-4).
The exact expressions for the terms in Eq. 5 for the different models are given in
table 1.
2.1.1 SDR-1 model
The SDR-1 model includes the effects of heat release and Damko¨hler number on
flame turbulence interaction (represented by ρα∇c′′ .S′′ .∇c′′ [3], where S is the
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strain rate). The local Damko¨hler number (DaL) in table 1 is defined as :
DaL =
u0Lk˜
δ0L˜
, (6)
and K∗c ≈ 0.85τ (τ = (TP−TR)/TR is the heat release parameter) for hydrocarbon
flames. u0L and δ
0
L in Eq. 6 represent the unstrained laminar flame speed and the
thermal flame thickness, while k˜ and ˜ represent the turbulent kinetic energy and
turbulent dissipation rate respectively. The empirical scaling factors C3 and C4
control the effects of turbulent straining and chemical straining, and are given by
[41]:
C3 = 1.5
( √
KaL(
1 +
√
KaL
)) and C4 = 1.1
(1 +KaL)
0.4 , (7)
where KaL is the local Karlovitz number defined as :
KaL =
(
u
′
/u0L
)3/2
(δL/lt)
1/2 . (8)
In Eq. 8 δL is the Zeldovich thickness δL = δ
0
L/(2(1 + τ)
0.7), u
′
and lt in Eq. 8 are
defined as :
u
′
=
√
2k˜
3
and lt =
u
′3
˜
. (9)
The model constant β
′
in the SDR-1 model takes the value of 6.7 under the
thin flame front assumption (large Damko¨hler number). However, there is some
uncertainty in this value, with higher levels of turbulence requiring an increase of
β
′
to reduce over estimates of ˜c [52,53]. In the past variants, SDR-1 has been
used in conjunction with Eq. 3 [41,42] and with the strict BML limit [25]. The
effects of this variation are also explored in detail in the following sections.
2.1.2 SDR-2 model
In the SDR-2 model the constants CDc and Cc are taken to be 0.24 and 0.1
respectively and c˜′′2 is closed via the standard BML approximation. The constant
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CD in SDR-2 model controls the effects of flame turbulence interaction which itself
is a strong contributor to scalar dissipation [3]; Swaminathan and Bray [67] argue
that CD = 0.25 based on the DNS data of a planar flame. In the results section
later in the paper, the effects of varying CD on the RANS solution is explored.
2.1.3 SDR-3 model
The SDR-3 model is similar to the SDR-2 model; the only difference between the
two models is the absence of the dilatation effects in the SDR-3 model. Dong et al
[25] argue that CD implicitly includes the effects of dilatation and that the scalar
dissipation should not show any dependence on Damko¨hler or Reynolds number.
The sensitivity of the model to variations in the value of CD is explored later in
the paper.
2.1.4 SDR-4 model
The SDR-4 model includes the effects of small scale turbulence, heat release and
reaction rate via a fractal based approach. The constant C∗φ in SDR-4 model takes
the value C∗φ = 1.2 [47]. The value of Cφ controls the flame turbulence interaction
and usually takes the value Cφ = 4 [44]. Ret in the SDR-4 model represents the
turbulent Reynolds number and is defined as :
Ret =
u
′
lt
νu
, (10)
where νu is the viscosity of the unburnt mixture. The sensitivity of the SDR-4
model to the changes in Cφ are explored in the following sections.
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3 Test configurations and numerical procedure
In order to assess the performance of the algebraic scalar dissipation models, RANS
simulations of two different flames have been carried out; a premixed flame in a
dump combustor configuration and a premixed Bunsen flame configuration. These
flames lie in different parts of the regime diagram shown in figure 1.
The calculations for this work have been performed using the unstructured fi-
nite volume code Code−Saturne [6] (see http://www.code-saturne.org). The code
solves the Navier-Stokes equations for Newtonian low Mach number variable den-
sity flows with a fractional step method based on a prediction-correction algorithm
for pressure/velocity coupling (SIMPLEC) and a Rhie and Chow interpolation
to avoid pressure oscillations. The code uses a second order central differencing
scheme for spatial gradients; the time integration is undertaken via an Euler ex-
plicit scheme. This code has previously been validated and used for several indus-
trial and academic studies ranging from simulations of incompressible flows [1,7,
33,34,35] to low Mach number variable density reacting flows [2,25,30,37].
3.1 Dump combustor
The experiments performed by Pitz and Daily [55,56] are used as the first test case.
This case is representative of typical geometries found in gas turbine engines. The
case under consideration is a propane-air premixed flame with an equivalence ratio
(φ) of 0.57. The experiment consists of a rectangular premixing region followed
by a smooth contraction. There follows a step expansion into the combustion
chamber and a quenching water spray filled converging exit region. Note that in
the simulations, the smooth contraction at the inlet is omitted and no attempt is
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made to represent the effects of the spray at the exit. The flame is stabilised in
a turbulent-free shear layer formed at the backward facing step shown in figure
2. The converging exit region is simulated in order to move the outlet boundary
condition sufficiently far from the recirculation region adjacent to the step. The
mean inlet values for the bulk velocity, pressure, temperature and thermochemical
properties are given in table 2. The Reynolds number based on bulk velocity and
step height is 22100. Further details of the experiment and measuring techniques
used can be found in [55,56]. This test case has been previously studied by Weller
et al [71] and Fureby [27] via LES, Ahmed and Prosser [2] by using RANS and by
Tangermann et al [68] using both LES and RANS.
A no-slip condition is applied to the velocity at the walls, while all the scalars
are treated with zero Neumann conditions. Symmetry conditions are used in the
transverse direction. Similar boundary conditions have been used in the earlier
studies [2,71] for the same rearward facing step. The simulations are run until a
statistically steady flow is achieved.
3.2 Bunsen flame
The second test case considered is one of the piloted stoichiometric methane–air
Bunsen flames studied by Chen et al [22]. This flame has been extensively inves-
tigated in several previous studies via RANS [5,32,42,61,62] and via LES [23,24,
45,54] using different reaction rate closure strategies. In this flame, stoichiometric
methane air mixture is injected through a fuel nozzle of diameter D = 12mm, sur-
rounded by a laminar pilot flame of a stoichiometric methane-air mixture with a
pilot diameter of Dp = 68mm. The bulk mean velocity (u0) in the fuel nozzle is 30
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m/s and the jet exit Reynolds number based on u0 is 24000. The centreline value
of turbulent kinetic energy at the burner exit, k0, is 3.82 m
2/s2. The experimental
setup is shown in figure 3(a). In the experiment, the pilot stream was cooled by a
water circuit. This presents a difficulty in modelling this flame with an adiabatic
flamelet model. In order to overcome this problem, the strategy proposed by Kolla
and Swaminathan [42] is used. According to this formulation the sub adiabatic
temperatures at the pilot boundary are handled by the Favre averaged transport
equation for total enthalpy (h˜):
∂ρh˜
∂t
+
∂ρu˜ih˜
∂xi
= −∂ρu
′′
i h
∂xi
, (11)
where the turbulent transport term is closed by a gradient diffusion model. The
total enthalpy is defined as the sum of chemical and sensible enthalpies of the
mixture [42]:
h˜ = Cpmix
(
T˜ − TR
)
+∆h0fmix , (12)
where Cpmix =
∑
Y˜iCpi and ∆h
0
fmix =
∑
Y˜i∆h
0
fi . Cpiand ∆h
0
fi are the specific
heat and formation enthalpy of species i, respectively. The temperature is calcu-
lated as T˜ = TR +
(
h˜−∆h0fmix
)
/Cpmixand the mixture density is calculated as
ρ = pWmix/(<T˜ ), where Wmix and < are the molecular weight of the mixture and
the universal gas constant respectively. The formulation assumes that the flame
brush does not interact with the entrainment air and hence has no influence on
the chemical composition of the flame. A transport equation for Favre averaged
mixture fraction (ξ˜) is additionally solved to account for the effects of entrain-
ment. Inlet values for ξ˜ are taken as 0 and 1 in the ambient and reacting regions,
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respectively. The values of Cpmix , ∆h
0
fmixand Wmix are calculated as [42]:
Cpmix = ξ˜Cpreac + (1− ξ˜)Cpair ,
∆h0fmix = ξ˜∆h
0
freac + (1− ξ˜)∆h0fair , (13)
Wmix = ξ˜Wreac + (1− ξ˜)Wair,
where subscripts reac and air represent the fluid property in the reacting mixture
and in the co-flow air, respectively. The air is assumed only to contain O2 and
N2, hence ∆h
0
fair = 0. The values for Cpreac , ∆h
0
freac and Wreac are tabulated
in a look up table as a function of the progress variable. The look up table is
generated by using a planar unstrained laminar premixed flame of a stoichiometric
methane–air mixture computed using Cantera [29] and the GRI 3.0 mechanism
[65] with the mixture averaged diffusivity formulation. The progress variable in
this case is defined as c˜ = 1−YF /YFu (YF is the fuel mass fraction and YFu is the
fuel mass fraction in the unburnt mixture).
A two dimensional axisymmetric domain is used to simulate the Bunsen flame.
The simulated domain size along with the boundary conditions are shown in figure
3(b). The domain has been made large enough in the radial and axial directions
such that the domain boundaries do not influence the flame structure. As in the
dump combustor case, the simulations are run until a statistically steady flow is
achieved.
4 Results and discussion
It has been shown in earlier work [47,62] that the algebraic scalar dissipation mod-
els are most sensitive to the choice of the constants used for the term representing
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flame turbulence interaction (ρα∇c′′ .S′′ .∇c′′). Hence the models described in sec-
tion 2 have been used with different constants for the flame turbulence interaction
term. In most models there is no universal value for this constant [25,47,53,57,
62,67] as it is dependant on the local flow conditions including local turbulence,
flame properties and local strain rates. The changes in the different values for the
constants for all the models used in this study are presented in table 3.
4.1 Dump combustor calculations
4.1.1 Isothermal calculation
Isothermal calculations for this configuration have been performed to assess the
suitability of the turbulence model used. Inlet velocity and turbulence intensity
profiles for the simulations are taken from the experiment of Pitz and Daily [55,
56], and are provided in appendix-A. Grid sensitivity study presented in appendix-
B has demonstrated that a grid with 20000 cells yields grid independent results.
The standard k−  model proposed by Jones and Launder [36] is used along with
the standard wall function for near wall treatment, and the results for velocity are
shown in figure 4. The recirculation region is captured slightly incorrectly, causing
a small discrepancy in the predicted flow velocity further downstream of the back-
ward facing step, commensurate with the shorter separation typically predicted by
two equation models [69]. The root mean squared velocity (urms) predictions from
the k −  model are shown in figure 5. In this case the regions of high turbulence
occur in the shear layer and broaden with downstream distance from the backward
facing step. It can be seen that the urms predictions match the experimental and
LES results reasonably well near the backward facing step, and are under predicted
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in the upper half of the dump combustor (y/h > 0) for the regions away from the
backward facing step. Again this is consistent with the typical predictions of the
two equation models [69]. The size of the recirculation bubble predicted by the
k− model is shown in figure 6. The white line in figure 6 denotes the zero velocity
region, which indicates the length of the recirculation bubble. It can be seen that
the size of the recirculation bubble is xr/h ≈ 6.7, which is slightly smaller than
the experimental value of xr/h ≈ 7.0. These results are consistent with those of
Furbo [26] and Ahmed and Prosser [2] for this geometry and of Klein et al [38]
for a generic backward facing step. It has been shown in earlier studies that k− 
model performs well for similar configurations when compared with other mod-
els [2,38]. In the specific case of this dump combustor Furbo [26] has shown that
the k −  model performs well when compared with second moment closures and
other linear eddy viscosity models. Hence the standard k−  model is used for the
reacting flow simulations.
4.1.2 Reacting flow calculations
In the reacting case, the incoming fluid contains cold premixed reactants which
mix with the hot products in the shear layer formed behind the backward facing
step and subsequently burn. The shear layer anchors the flame to the backward
facing step.
A special treatment for all of those algebraic scalar dissipation models consid-
ered here is needed to suppress the near wall reaction rate, as these models predict
reaction in the boundary layer formed at the top wall of the dump combustor. To
rectify the problem we use the quenching model proposed by Catlin and Lindstedt
[19], which has also been used for this configuration in previous studies [2,68]. The
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model suppresses the reaction rate if the progress variable falls below a quenching
value c˜q, which in case of adiabatic conditions corresponds to a quenching temper-
ature Tq = c˜q (TP − TR) + TR. In the calculations here the reaction is suppressed
if the temperature falls below Tq = 300K [2,68].
First we compare the predicted length of the recirculation zone in the wake
of the backward facing step. The length of the recirculation zone in the reacting
case is shorter than in the cold flow case and determines the anchor location for
the flame. Table 4 shows the predicted lengths for the recirculation zone from
different models. The length of the recirculation zone is measured in the same way
as it is done for the isothermal simulation presented in section 4.1.1. Note that
the recirculation length is sensitive to the choice of model used and also to the
changes in the values of the constants used in ˜c models. It is also seen that the
choice of closure used for c˜′′2 does not alter the length of the recirculation zone
for all the values of β
′
used in the SDR-1 model. The main reason for the change
in the recirculation length is due to the variation in the prediction of the reaction
rate by different models, which is discussed later on in this section.
Figure 7 shows the mean velocity predicted when using different scalar dissi-
pation models. Generally the predicted velocity shows similar trends for all the
models used. SDR-1.2 and SDR-1.6 predict identical velocity profiles for the dump
combustor, hence the results from the SDR-1.2 model only are presented. At
x/h = 1 all the models tend to over predict the velocity. This is due the high
reaction rate prediction in this zone as shown in figures 9 and 11. Figure 11 shows
that the predicted reaction zones are attached to the backward facing step, which
is contrary to the earlier findings [2,27], where it was shown that the reaction zone
is anchored in the recirculation zone further downstream. The high reaction rate
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prediction in this region is due to the dependence of the models on the turbulent
time scale. ω˙c → ∞ as k˜ → 0 at the wall and the attachment point moves to the
edge of the step as a result. The sensitivity of the predicted velocity to the choice
of the constants used in the models can be seen in figure 7 at the locations down-
stream of the backward facing step. The velocity prediction is most sensitive at
x/h = 7 as shown in figure 7d. One of the reasons for this difference in the velocity
prediction from different models is due to the treatment of the flame turbulence
interaction term, as SDR-1 model accounts for the change in the source and sink
nature of flame turbulence interaction while the other models only predict it as a
source term. Another reason for this difference is the inclusion of dilatation effects
due to heat release in SDR-1 and SDR-2 models as shown in table 1. These effects
have a significant influence on the reaction rate prediction as discussed later on in
this section.
Table 5 shows the influence of change in β
′
on the scaling factors C3 and C4 in
the SDR-1 model. In this case β
′
is changed by approximately 17.7% and leads to
a significant change in the values for C3 and C4. The percentage difference in the
scaling factors increases as the distance from the backward facing step increases,
which suggests that C3 and C4 change in a non linear manner when the value of
β′ is altered. This implies that the value of β
′
scales as the local values of Ret and
Ka of the flow. The sensitivity of the SDR-1 model to β
′
is investigated further
in the Bunsen flame calculations.
Figure 8 shows the root mean squared velocity predicted by the SDR-1.2,
SDR-2.1, SDR-3.3 and SDR-4.1 models. Generally root mean squared velocity
predictions are similar for all the scalar dissipation models considered in this study.
Similar to the non reacting case the regions of high turbulence intensity occur in
Title Suppressed Due to Excessive Length 17
the shear layer and widen with the distance away from the backward facing step.
urms predicted by all the scalar dissipation models is in reasonable agreement with
the experimental and LES data at x/h = 1. Further downstream of the backward
facing step at x/h = 3 the urms values are slightly under predicted by all models
for the lower part of the dump combustor (y/h < 0). At x/h = 5 and x/h = 7 the
the predictions for urms improve for all scalar dissipation models.
Variation in the prediction of reaction rates from the SDR-1.2, SDR-2.1, SDR-
3.3 and SDR-4.1 models at several locations downstream of the rearward facing
step can be seen in figure 9. These variations can be explained by differences in
the underlying assumptions for different models. Models relying on chemical and
turbulent time scales (SDR-1and SDR-2) predict a lower reaction rate near the
backward facing step while models relying on just the turbulent time scale tend
to predict a significantly higher reaction rate. The SDR-2 model predicts a higher
reaction rate at x/h = 5 and x/h = 7 when compared with the SDR-1 model as
the flame turbulence interaction closure used in this model does not account for
the change in the alignment of the strain rate eigenvectors with local variations in
heat release and turbulence. The predictions of flame turbulence interaction from
different models is shown in figure 10. Note that all the scalar dissipation models
except the SDR-1 model predict a positive value for flame turbulence interaction,
whereas the SDR-1 model predicts a variation of flame turbulence interaction and
changes from a source to a sink term as the distance from the step increases. The
sink nature of the predicted flame turbulence interaction opposes the effects of
dilatation in the SDR-1 model and decreases the overall reaction rate. Whereas
the source nature of the predicted flame turbulence interaction in SDR-2, SDR-3
and SDR-4 models leads to an overall increase in the predicted reaction rate. The
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reaction rates predicted by the SDR-1 model at x/h = 5 and x/h = 7 are in
reasonable agreement with the earlier results of Ahmed and Prosser [2] obtained
via a full flame turbulence interaction transport equation.
Figure 11e shows a Schlieren photograph of the reacting flow from the exper-
iment. The brightest areas in this figure show the highest reaction rate regions.
A similar behaviour for the predicted reaction rate from SDR-1.2 and SDR-2.1
models can be seen in figure 11a and figure 11b. This behaviour of SDR-1 and
SDR-2 models is expected as these models rely on similar modelling assumptions
and include a turbulent and chemical time scale, whereas the SDR-3 and SDR-4
models only rely on a turbulent time scale and predict a similar reaction rate as
shown in figures 11c-11d. A high reaction rate is predicted by the SDR-2.1 model
through out the domain when compared with the SDR-1.2 model. This is due to
the difference in the closure for flame turbulence interaction used in these models.
The flame turbulence interaction mainly acts as a sink term in the flame predicted
by the SDR-1.2 model (figure 10) which counteracts the effects of dilatation, while
the SDR-2.1 model always predicts a positive flame turbulence interaction (figure
10) thus leading to an enhancement of the dilatation effects leading to a higher
reaction rate prediction. Note that the models relying on the turbulent time scale
only predict a high reaction zone near the backward facing step and then the re-
action rate tends to decrease (figures 11c- 11d), whereas the models relying on
turbulent and chemical time scales tend to predict a more uniform reaction zone
(figures 11a- 11b). Figure 11a shows that the SDR-1.2 model tends to predict a
reaction zone which is closest to the flame shape in the Schlieren image (figure
11e) reported in the experiment.
Title Suppressed Due to Excessive Length 19
Predicted flame locations can be further verified by comparing the predicted
Reynolds averaged progress variable with the LES and experimental data. The
Reynolds averaged progress variable in the simulations is calculated as [42]:
c = c˜+
τ c˜′′2
1 + τ c˜
, (14)
where c˜′′2 is approximated via the BML assumption for the SDR-2.1, SDR-3.3
and SDR-4.1 models. Figure 12 shows the comparison of the progress variable for
all the algebraic scalar dissipation models used in this study. All the models tend
to predict similar values for the progress variable at x/h = 0.4 and x/h = 1.2.
Further downstream the differences in the predictions of the progress variable from
different models become more apparent. The prediction of progress variable from
SDR-1.2 at x/h = 3.5 and x/h = 5.4 slightly improves at the trailing edge of the
flame while the SDR-2.1, SDR-3.3 and SDR-4.1 slightly over predict the location
for the progress variable.
4.2 Bunsen flame calculations
4.2.1 Isothermal calculation
Isothermal flow calculations have been performed to assess the performance of the
turbulence model. Simulations have been performed by using a modified form of
the standard k −  model, where the value of the constant C1 has been changed
from 1.44 to 1.6 to account for the round-jet anomaly [58]. The inlet conditions for
the mean velocity and turbulent kinetic energy are taken from the experimental
data of Chen et al [22], and are shown in appendix-A. The integral length scale
at the inlet for the main jet is specified as lt ≈ 0.0024m, while very small values
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(1 × 10−5) for turbulent kinetic energy and turbulent dissipation are specified at
the inlet for the pilot and air co-flow streams. In the case of isothermal calculations
a small velocity of 0.2m/s has been specified at the inlet for the pilot and co-flow
air streams. Grid sensitivity study presented in appendix-B has shown that grid
independent results were observed for a structured non uniform axisymmetric grid
of 47000 cells.
Figures 13 and 14 show the predicted mean velocity and turbulent kinetic
energy profiles respectively at different locations downstream of the jet exit. It
can be seen from the experimental data in figure 13 that the spreading of the jet
corresponds to the development of a lateral shear layer at y/D ≈ 2.5 (between
0.25 < r/D < 0.75). At y/D ≈ 4.5 the maximum mean velocity decreases as
the jet starts to expand in the radial direction. The profiles for turbulent kinetic
energy shown in figure 14 also display the lateral shear layers which surround the
central jet. The turbulent kinetic energy increases along the centre line of the jet
as the distance from the inlet increases. This indicates the merging of the shear
layers and thus the ending of the potential core. The simulation is able to capture
these effects appropriately at all the sampling locations as shown in figures 13 and
14. Hence the k− model with C1 = 1.6 is used for the reacting flow calculations.
4.2.2 Reacting flow calculations
In the reacting case the shear layer formed at the interface of the cold reactants
and the pilot stream effectively anchors the flame. The unstrained laminar flame
speed (u0L) for methane at stoichiometric conditions at 298K is 0.4m/s [22], the
thermal flame thickness (δ0L) is 1.436mm and the kinematic viscosity (νu) is 7.0×
10−5 m2/s. Several workers have used different values of inlet temperature for
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the pilot stream as the measurements for the radial variation of the pilot stream
temperature have not been reported in the experiment; following earlier studies [42,
45] a value of 1950K has been used here. In the case of reacting flow calculations a
velocity of 1.5m/s has been specified for the pilot stream and a velocity of 0.2m/s
for the co-flow air.
The SDR-1 model has been tested with c˜′′2 transport equation and also with
the BML closure for c˜′′2. It is found that slightly improved predictions are made
when the c˜′′2 transport equation is used in this case, hence only the results from
the SDR-1 model with c˜′′2 transport equation are presented in this section. The
reason for this behaviour is due to the fact that the Bunsen flame lies in the thin
reaction zone regime; in this regime turbulence can enter the flame structure and
reduces c˜′′2 [21]. The contributions from the burning mode PDF become non-
negligible in the thin reaction zone regime [21] and a transport equation for c˜′′2
allows for the relaxation of the BML limit. In the case of SDR-1 model β
′
= 6.7
leads to an unphysically small flame which is consistent with the earlier findings of
Salehi and Bush [62]. In the Bunsen flame case the value of β
′
needs to be changed
significantly to obtain a physically plausible flame height. The influence of change
in β
′
on the scaling factors C3 and C4 can be seen in table 6. A significant change
can be observed in the values for C3 and C4 at all the sampling locations when
the value of β
′
is altered. This observation is consistent with the dump combustor
case, and implies that β
′
should be increased with an increase in the local values
of Ret and Ka to obtain a physically plausible solution.
Figure 15 shows the reacting flow velocity predicted by using different scalar
dissipation models. The sensitivity of scalar dissipation models to the choice of the
constants used in the flame turbulence interaction term can be noted in figure 15.
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As in the dump combustor case the velocity predictions from the different variants
of the SDR-2 model are higher than the experimental values.This is due to the fact
that a shorter flame is predicted by the variants of the SDR-2 model. Note that
the SDR-3.2 and the SDR-4.2 models predict an identical velocity filed despite the
fact that these models have been developed using different physical and theoretical
arguments. Velocity predictions from the SDR-1.4, SDR-3.2 and SDR-4.2 models
are in reasonable agreement with the experimental data up to y/D ≈ 6.5. Further
downstream these models tend to under predict the velocity as shown in figure
15d.
Figure 16 shows the turbulent kinetic energy predicted by SDR-1.4, SDR-2.1,
SDR-3.2 and SDR-4.2 models. In the reacting case the turbulent kinetic energy is
smaller when compared with the isothermal case and increases with the distance
away from the jet inlet. Also note that unlike the isothermal case the location of
maximum turbulent kinetic energy moves outwards with increasing distance away
from the jet. All the scalar dissipation models show similar trends for the turbulent
kinetic energy at all the sampling locations. Note that while the mean velocities
for these models are in reasonable agreement with the experiment, the values of
the turbulent kinetic energy are over predicted at the regions near the jet inlet
at y/D ≈ 2.5 and y/D ≈ 4.5. This over prediction has been reported in earlier
RANS simulations by Kolla and Swaminathan [42] and Lindstedt and Vaos [47].
The predicted turbulent kinetic energy starts to improve further downstream of
the jet inlet (at y/D ≈ 6.5 and y/D ≈ 8.5) and a reasonable agreement can be
seen for all the scalar dissipation models at y/D ≈ 8.5.
Figure 17 shows the predicted temperature profiles by using different scalar
dissipation models. It can be seen that the predicted temperature profiles are sen-
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sitive to the choice of the scalar dissipation model used. The predicted temperature
profiles from all the scalar dissipation models are in good agreement in middle of
the jet and the shear layer at y/D ≈ 2.5, but an over prediction of temperature
can be seen in the pilot region (r/D > 0.75). This discrepancy in temperature is
due to the lack of proper information for boundary conditions for temperature and
has been reported in earlier studies [32,42,62,63]. The discrepancy between the
predicted and experimental temperature field decreases as the distance from the
jet exit increases as shown in figure 17. Note that SDR-3.2 and SDR-4.2 models
predict identical temperature profiles throughout the flame, which is consistent
with the velocity predictions from these models. At y/D ≈ 6.5 and y/D ≈ 8.5
high temperature predictions from the SDR-2.1 model can be noticed in the core
of the jet as a shorter flame is being predicted by the SDR-2.1 model and results
in an early increase in temperature in the core of the jet.
The predicted reaction rate from different scalar dissipation models are pre-
sented in figure 18 and figure 20. It can be seen in figures 18 and 20 that the
SDR-3.2 and SRD-4.2 models predict almost similar reaction rates for the Bunsen
flame case. Generally the reaction rate predicted by all the models decreases as
the distance from the jet increases. A high reaction rate is noticed for SDR-2.1,
SDR-3.2 and SDR-4.2 models near the jet exit at y/D ≈ 2.5, whereas the SDR-1.4
model predicts a much smaller reaction rate in this region as shown in figure 18a.
High reaction rate prediction by SDR-2.1, SDR-3.2 and SDR-4.2 models is due
to an infinite growth of flame turbulence interaction term as shown in figure 19 -
which always acts as a source term for scalar dissipation in these models - this is
not always the case as the flame induced turbulence scalar interaction can destroy
the flame due to local changes in the alignment of the strain rate with respect
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to the flame gradients. The SDR-1.4 model is able to predict the change in the
source and sink nature of the flame turbulence interaction term across the flame
as shown in figure 19. Note that the reaction zone predicted by all the models
starts to move towards the centre of the jet as the distance from the jet exit in-
creases. This happens as the mixing layers formed by the reactants and products
at the outer regions of the jet start to merge together. The complete merger of the
product and reactant streams marks the height of the flame in case of premixed
Bunsen flames [64], and the location of the complete merger of these two streams
is sensitive to the choice of the scalar dissipation models used as shown in figure
20. Note that the reaction rate prediction in the core of the jet by the SDR-2.1
model increases at a much higher rate when compared with the other models. This
is due to a higher flame propagation speed being predicted by the SDR-2.1 model
which consequently leads to a prediction of smaller flame height.
The location of reaction zones predicted by different scalar dissipation models
can be seen in figure 20. It can be noticed in figure 20b that the SDR-2.1 model
predicts the shortest reaction zone and consequently leading to a shorter predicted
flame. SDR-3.2 and SDR-4.2 models predict the longest reaction zones which are
almost identical to each other (figure 20c and figure 20d); this is in agreement with
the predicted temperature and velocity profiles discussed earlier. Note that the
models relying on both the chemical and turbulent time scales lead to a physically
plausible reaction zone while the models relying on just the turbulent time scale
lead to a high reaction zone in the shear layer near the jet exit and then a sudden
decrease in the reaction rate is observed down stream of the jet. SDR-1.4 model
predicts the most physically plausible reaction zone in this case (figure 20b), as it
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accounts for the local production or destruction of scalar gradients by turbulence
in the scalar dissipation approximation.
The turbulent flame brush thickness predicted by different scalar dissipation
models is compared with the experimental data in figure 21. The turbulent flame
brush thickness in this case is calculated as :
δt =
(
∂c
∂r
∣∣∣∣
max
)−1
, (15)
where the Reynolds averaged progress variable in the simulations is calculated via
Eq. 14. Figure 21 shows that the flame brush thickness increases linearly with the
distance away from the jet exit which implies that the flame brush thickness in this
case is determined by the local turbulence [22]. All the scalar dissipation models
used here tend to capture the correct trend of the turbulent flame thickness at
all sampling locations except the SDR-2.1 model; which predicts a substantially
higher flame brush thickness away from the jet exit at y/D ≈ 6.5 and y/D ≈ 8.5,
while all the other models except SDR-1.4 tend to slightly under predict the flame
brush thickness as shown in figure 21. The large flame brush thickness predicted
by the SDR-2.1 at the down stream locations is a result of the high reaction rate
prediction near the jet exit as shown in figure 20.
5 Summary and Conclusions
In this study, the algebraic scalar dissipation models proposed by Kolla et al [40]
(SDR-1), Swaminathan and Bray [67] (SDR-2), Borghi and co-workers [48,50]
(SDR-3) and Kuan et al [44] (SDR-4) have been compared on two different test
cases; a dump combustor (corrugated flamelet regime) and a Bunsen flame (thin
reaction zone regime). Initial isothermal calculations performed with the standard
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k −  model found it to work well for the dump combustor case, but required the
correction proposed by Pope [58] to account for the round jet.
In view of the results obtained from flames in this study, constants involved
in the algebraic scalar dissipation models are seen to play an important role,
especially for the terms involving flame turbulence interaction. In the case of SDR-
2, SDR-3 and SDR-4 models, the constant acting on the turbulent time scale ratio
plays an important role in determining the mixing time scale and consequently
controlling the flame propagation speed; higher values for the constant leads to a
higher reaction rate prediction. The predictive capability of the SDR-1 model relies
on the value of β
′
, which controls all the other constants and scaling factors (K∗c ,
C3, and C4) used in the SDR-1 model (see table 1 and Eq. 5). Generally values
close to the default value of β
′
in SDR-1 model give reasonable predictions in
the wrinkled/ corrugated flamelet regime, but lead to unphysical flame behaviour
in the case of thin reaction zone regime. The value of β
′
has to be increased
significantly from its default value to obtain a physically plausible flame in the thin
reaction zone regime. Coupling the c˜′′2 transport equation to the SDR-1 model
does not make a significant difference in the wrinkled/ corrugated flamelet regime,
but it leads to an overall improvement of results in the thin reaction zone regime,
where c˜′′2 transport allows for departures from the strict BML limit, and allows
contributions of the burning mode PDF to be included in the modelling strategy.
The flame turbulence interaction approximation used in the SDR-1 model is able
to predict the change in alignment between the strain filed and the scalar gradients;
SDR-2, SDR-3 and SDR-4 models are unable to predict such changes.
Algebraic scalar dissipation models relying on the turbulent and chemical time
scales (SDR-1 and SDR-2) predict a more physically plausible reaction zone in the
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corrugated flamelet and thin reaction zone regimes. It is also observed that all the
algebraic scalar dissipation models predict a high non-physical reaction rate near
walls. Recommendations regarding the choice of the constants used for different
scalar dissipation models in wrinkled/corrugated flamelet and thin reaction zone
combustion regimes are listed in table 7. All the scalar dissipation models predict
slightly erroneous results in the far wake of the flame stabilisation region in the
two combustion regimes investigated in this paper. This is due to the under per-
formance of the flame turbulence interaction approximation used in these models.
Further improvement of the algebraic scalar dissipation models form part of the
ongoing work.
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Appendix-A Inlet velocity and turbulence intensity profiles used in the
simulations
The inlet profiles for the simulations performed in this study are taken from the
original experiments. Inlet profiles for mean velocity and turbulence intensity are
given in figure 22 for the dump combustor case; they are taken from the exper-
iments of Pitz and Daily [55]. In the case of Bunsen flame simulations, the inlet
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velocity and turbulence intensity profiles have been taken from the experiment of
Chen et al [22] and are presented in figure 23.
Appendix-B Grids used in the computations
A fully structured hexahedral mesh is used for the dump combustor simulation.
Three different meshes have been tested with different refinement levels; 10000
cells (coarse), 20000 cells (medium) and 40000 cells (fine). The region near the
backward facing step in the case of medium mesh is shown in figure 24a. Note
that that the k− model uses a standard wall function near the walls and requires
y+ ≈ 30 at the wall. The results from the mesh sensitivity studies are presented in
figure 25. No discernible difference can be seen in the different velocity predictions
for the different meshes used; the medium mesh has been chosen for the reacting
flow simulations.
Figure 24b shows the mesh in the region near air-fuel mixture inlet in the
Bunsen flame case. Three different axisymmetric hexahedral meshes have been
tested; 24000 cells (coarse), 47000 cells (medium) and 82000 cells (fine). Figure 26
demonstrates that the velocity predictions from the different meshes are almost
identical to each other; the medium mesh has been chosen for the reacting flow
simulations.
An error analysis has been carried out by using the infinity norm on different
velocity profiles (not shown here) and it is found that changing the mesh from fine
to coarse leads to a negligible error of less than 0.5% in the velocity field for both
cases.
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Scalar dissipation models T1 T2 T3
SDR-1 2K∗c
u0L
δ0
L
C3
˜
k˜
− (τC4DaL) ˜
k˜
c˜
′′2
β
′
SDR-2 CDc
u0L
δ0
L
CD
˜
k˜
(
1 + 2
3
Cc
u0L√
k˜
)
c˜′′2
SDR-3 N/A CD
˜
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(
1 + 2
3
Cc
u0L√
k˜
)
c˜′′2
SDR-4 N/A
Cφ
4
˜
k˜
(
1 + C∗φ (1 + τ c˜)u
0
L
Re
1/4
t√
k˜
)
c˜′′2
Table 1 Algebraic scalar dissipation models. All the quantities in this table are defined in
sections 2.1.1-2.1.4.
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reaction zones
Thin reaction
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Corrugated
flamelets
Fig. 1 The regime diagram with the parameters of the dump combustor (*) and Bunsen flame
(o)
Fig. 2 Schematic of the computational domain (h = 0.0254m).
Title Suppressed Due to Excessive Length 37
u0(m/s) p0(atm) T0(K) u0L (m/s) δ
0
L (mm) νu m
2/s
13.3 1 293 0.09 1.6 2.183× 10−5
Table 2 Inlet parameters for the dump combustor simulation.
(a) Experimental configuration for the Bunsen flame (b) Schematic of the simulated domain
Fig. 3 Bunsen flame flow configuration
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Fig. 4 Isothermal flow velocity profiles for the dump combustor case.
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Model name Test parameters
SDR-1.1 β
′
= 6.7 with transport equation for c˜′′2
SDR-1.2 β
′
= 8 with transport equation for c˜′′2
SDR-1.3 β
′
= 20 with transport equation for c˜′′2
SDR-1.4 β
′
= 40 with transport equation for c˜′′2
SDR-1.5 β
′
= 6.7 with BML closure in Eq. 2
SDR-1.6 β
′
= 8 with BML closure in Eq. 2
SDR-1.7 β
′
= 20 with BML closure in Eq. 2
SDR-1.8 β
′
= 40 with BML closure in Eq. 2
SDR-2.1 CD = 0.1
SDR-2.2 CD = 0.25
SDR-2.3 CD = 0.5
SDR-3.1 CD = 0.25
SDR-3.2 CD = 0.5
SDR-3.3 CD = 1.0
SDR-4.1 Cφ = 4.0
SDR-4.2 Cφ = 2.0
Table 3 Different variations of scalar dissipation models.
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Fig. 5 Isothermal flow root mean squared velocity profiles for the dump combustor case.
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Fig. 6 Isothermal flow velocity (u/u0). The white line represents u/u0 = 0, which indicates
the recirculation region.
Case Length of the recirculation zone (xr/h)
Experiment 4.50
SDR-1.1 4.24
SDR-1.2 4.50
SDR-1.5 4.24
SDR-1.6 4.50
SDR-2.1 4.40
SDR-2.2 4.13
SDR-3.1 5.51
SDR-3.2 5.12
SDR-3.3 4.15
SDR-4.1 4.20
Table 4 Length of the recirculation zone predicted by different models.
x/h maximum % difference in C3 maximum % difference in C4
1 3.3 11.3
3 4.6 11.9
5 7.4 14.1
7 11.3 21.3
Table 5 Percentage difference in the values of the scaling factors C3 and C4 with change in
β
′
= 6.7 (SDR-1.1) to β
′
= 8.0 (SDR-1.2 ).
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Fig. 7 Reacting flow velocity predicted by different models for the dump combustor case.
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Fig. 8 Reacting flow root mean squared velocity predicted by different models for the dump
combustor case.
y/D maximum % difference in C3 maximum % difference in C4
2.5 187.8 82.2
4.5 189.7 78.0
6.5 187.7 59.8
8.5 152.8 37.2
Table 6 Percentage difference in the values of the scaling factors C3 and C4 with change in
β
′
= 6.7 (SDR-1.1 model) to β
′
= 40.0 (SDR-1.4 model).
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Fig. 9 Reaction rate predicted by different models for the dump combustor case.
Models Wrinkled/Corrugated flamelets Thin reaction zone
SDR-1 β
′
= 8 β
′
= 40 with c˜′′2 transport equation
SDR-2 CD = 0.1 CD = 0.1
SDR-3 CD = 1 CD = 0.5
SDR-4 Cφ = 4 Cφ = 2
Table 7 Recommended constants for different algebraic scalar dissipation models to be used
in different combustion regimes.
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Fig. 10 Flame turbulence interaction
(
ρα∇c′′ .S′′ .∇c′′
)
predicted by different models for the
dump combustor case. The values are normalised using the respective ρu, δ0L and u
0
L.
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(a) reaction rate ω˙c(kg/m3s) prediction by using SDR-1.2 model.
(b) reaction rate ω˙c(kg/m3s) prediction by using SDR-2.1 model.
(c) reaction rate ω˙c(kg/m3s) prediction by using SDR-3.3 model.
(d) reaction rate ω˙c(kg/m3s) prediction by using SDR-4.1 model.
(e) Schileren photograph of the flame with an expo-
sure time of 33ms (from [55])
Fig. 11 Flame location and reaction rate for the dump combustor case.
Title Suppressed Due to Excessive Length 45
c
0 0.2 0.4 0.6 0.8 1
y
/
h
-1
-0.5
0
0.5
1
Experiment
LES of Weller et al
SDR-1.2
SDR-2.1
SDR-3.3
SDR-4.1
(a) x/h = 0.4
c
0 0.2 0.4 0.6 0.8 1
y
/
h
-1
-0.5
0
0.5
1
(b) x/h = 1.2
c
0 0.2 0.4 0.6 0.8 1
y
/
h
-1
-0.5
0
0.5
1
(c) x/h = 3.5
c
0 0.2 0.4 0.6 0.8 1
y
/
h
-1
-0.5
0
0.5
1
(d) x/h = 5.4
Fig. 12 Reacting flow progress variable predicted by different models for the dump combustor
case.
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Fig. 13 Isothermal flow velocity profiles for the Bunsen flame calculation.
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Fig. 14 Isothermal flow turbulent kinetic energy profiles for the Bunsen flame calculation.
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Fig. 15 Reacting flow velocity profiles for the Bunsen flame calculation.
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Fig. 16 Reacting flow turbulent kinetic energy profiles for the Bunsen flame calculation.
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Fig. 17 Temperature predictions from different models for the Bunsen flame calculation.
TP = 2248K is the adiabatic flame temperature.
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Fig. 18 Reaction rate prediction from different models for the Bunsen flame calculation.
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Fig. 19 Flame turbulence interaction
(
ρα∇c′′ .S′′ .∇c′′
)
prediction from different models for
the Bunsen flame calculation. The values are normalised using the respective ρu, δ0L and u
0
L.
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(a) SDR-1.4 (b) SDR-2.1 (c) SDR-3.2 (d) SDR-4.2
Fig. 20 Predicted reaction rate ω˙c
(
kg/m3s
)
from different models for the Bunsen flame
calculation.
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Fig. 21 Predicted axial variation of turbulent flame brush thickness in the Bunsen flame
calculation.
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Fig. 22 Inlet profiles for the dump combustor simulation [55].
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Fig. 23 Inlet profiles for the Bunsen flame simulation [22].
(a) Mesh near the backward facing step for k − 
model, y+ ≈ 30 at the wall
(b) Mesh near the inlet of the air-fuel mix-
ture for the Bunsen flame simulation.
Fig. 24 Meshes used for the simulations.
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Fig. 25 Isothermal flow velocity profiles for the dump combustor case by using three different
meshes.
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Fig. 26 Isothermal flow velocity profiles for the Bunsen flame case by using three different
meshes.
